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ABSTRACT 
A high level of water repellency in soils has an impact on soil hydrology, plant growth and soil 
erosion. Studies have been performed previously on model soils; consisting of close packed layers 
of  glass spheres (140-400 μm in diameter), to mimic the behaviour of rain water on water repellent 
soils. In this study measurements were performed on multi-layered bead packs, to assess the 
interaction of water drops impacting layers consisting of different hydrophobic and hydrophilic 
layers. A high speed video camera was used to record the impact behaviour of water droplets on the 
bead packs focussing on the spreading of the droplet and the subsequent rebound behaviour of the 
droplet. Observations were made from the videos of the liquid marble effect on the droplet, 
whereby hydrophobic particles form a coating around the droplet, and how it differed depending on 
the arrangement of hydrophobic and hydrophilic layers within the bead pack. The droplet release 
height was varied in order to establish a relationship between impact velocity and the degree to 
which liquid marbling occurs, with higher impact speeds leading to a greater degree of liquid 
marbling. Measurements were also made to find the transition speeds between the three rebound 
conditions; rebound, pinning and fragmentation, showing an overall decrease in pinning velocity as 
the bead size increased.
KEYWORDS
Hydrophobicity, Hydrophilicity, Drop impact, Water repellent soil, Soil science, Liquid   
marbles.
1. INTRODUCTION
Hydrophobicity is normally defined by the  size of the contact angle of a water droplet on a surface. 
A more water repellent surface will result in a droplet exhibiting a high contact angle when in 
contact with the surface [1]. In the case of a rough surface, such as soil, water will typically take on 
one of two different wetting states, Figure 1. The Cassie-Baxter state is where the water cannot 
infiltrate the gaps between the surface roughness, leaving a layer of trapped air below the liquid [2]. 
In the Wenzel state the liquid infiltrates the gaps and increases the surface contact area [3]. While 
chemically induced hydrophobicity has a contact angle upper limit of ≈120°, as shown by 
fluoropolymers such as polytetrafluoroethylene (PTFE) [4]; complex surface topography can 
increase the contact angle even further, with super-hydrophobic materials having a contact angle of 
over 160°.
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ptFigure 1. Diagram showing the a) Cassie-Baxter and b) Wenzel states of wetting. [15]Typically the minerals found naturally in soils, e.g. silica in sandy soils, display hydrophilic properties. However, with the addition of contaminants, such as oils, other naturally occurring 
organic matter, the soil particles can become hydrophobic [5, 6, 7]. Due to their granular nature, soil 
particles will form a matrix with a hierarchical structure with individual grains providing a rough 
topography; and each individual particle also possessing a rough surface. Combining this rough 
surface structure with the chemical water repellency of the organic compounds, a soil matrix can 
achieve high levels of hydrophobicity [8, 9, 10, 11]. 
Such high levels of hydrophobicity can have a number of deleterious effects on the natural 
landscape. Soil erosion during rainfall can become more pronounced [12], due to reduced water 
infiltration and hence an increase in surface runoff. The reduced infiltration results in drier soils that 
can also lead to an increase in wind erosion [13]. In addition there may be a corresponding 
reduction in the germination and growth of vegetation with the lower availability of water within 
the soil matrix.
Previous work has attempted to model the effects of water drop impacts on soils by using glass 
beads as a model soil [14, 15, 16]. Hamlett et al. [15] investigated the behaviour of water drop 
impacts on bead packs (a layer of close packed, immobile beads with two layers of close packed, 
loose beads on top) which consisted of a single type of wettability (either hydrophobic or 
hydrophilic) throughout the entire depth of the bead pack. The authors investigated the pinning 
behaviour of the bead packs, where the droplet strikes the bead pack, spreads out, recoils and then 
cannot fully rebound from the surface and remains attached to the surface upon recoil, see figure 2.
Figure 2. Images, taken from a high speed video recording, show the difference between rebound and pinning behaviour 
of a droplet impacting on a fixed, particulate surface. 
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This study expands on this and investigates the effect of layers of different hydrophobicity 
throughout the depth of the bead pack on both the drop impact behaviour and on the formation of 
liquid marbles [17, 18]. The effect on drop penetration and liquid marbling of mixing of 
hydrophobic and hydrophilic particles in powder beds was investigated by Nguyen et al [19], 
finding a reduction in drop penetration as the proportion of hydrophobic particles increases. In this 
study the hydrophobic and hydrophilic particles are formed into discrete layers.
2. EXPERIMENTAL METHOD
The experiment involved the creation of a number of bead packs, using glass beads between 140 
μm and 400 μm (Worf Glaskugeln GmbH, Germany). Beads were ordered in a number of different 
colours in order to distinguish different layers within the bead packs. Before the bead packs could 
be created the beads were sieved and treated to make them either hydrophobic or hydrophilic. To 
sort the beads they were placed into small-scale sieves (Endecotts Ltd, UK) and an Endecotts Minor 
200 sieve shaker (Endecotts Ltd, UK) to separate them into size categories. The categories used in 
this study are 140 - 160 μm, 160 - 180 μm, 180 - 200 μm, 250 - 300 μm and 400 μm, which 
correspond to fine and medium sized sandy soils [20].
Both hydrophobic and hydrophilic beads were needed for this study, and this required two 
separate processes. The first step was common to both types of beads and involved the beads being 
immersed in HCl (30% vol%) for 24 hours, then rinsed thoroughly with deionised water (DI) until a 
strip of indicator paper showed that the DI water, after rinsing the beads, was neutral. Finally the 
beads were then placed in an oven at 80°C for 3 hours in order to dry the beads completely.
To make the hydrophobic beads, some of those previously cleaned with HCl were treated using 
Granger's Extreme Wash-In (Grangers, UK). A solution of Granger's in DI was prepared (5% vol%) 
and the beads were immersed in the solution for 1 hour. The beads were then dried in an oven at 
80°C for 3 hours. Using a DSA 10 contact angle meter (Krüss, Germany) and analysed using DSA 
software (Krüss), the hydrophobised beads showed contact angles from 117o to 133o. The contact angle of each 
bead size was measure twice, showing no correlation between bead size and contact angle and a standard deviation of 5.60. A contact angle of 133o is 
comparable to a contact angle of 130o found by McHale et al on sand particles approximately 200 μm in size [8].
The hydrophilic beads were made by applying a titanium oxide coating to the surface of the 
beads. While glass is typically hydrophilic after being cleaned with HCl [15], the colour coating on 
the beads caused them to be hydrophobic. The beads were placed into a small dish and then into an 
Emitech K575X sputter coater (Quorum Technologies Ltd, UK). Titanium was sputtered onto the 
beads for 3 minutes at a current of 150 mA; the beads were then agitated and sputtered again to coat 
all sides of the beads. Next the titanium coated beads were place into an ozone cleaner (BIOFORCE 
Nanosciences, USA) for 20 minutes in order to produce an oxide layer on the surface of the beads. 
Water droplets placed onto the ozone treated beads immediately imbibed into the bead pack, as a 
result it was not possible to take contact angle measurements.
The bead packs consisted of three layers, a close packed base layer which was fixed in place and 
two loose layers on top of this. To produce the base layer, a mono layer of beads was fixed to a 
microscope slide using double sided tape. The fixed layer was then sputtered with Ti for 3 minutes 
at 150 mA and then gold (Au) for 3 minutes at 85 mA. If hydrophobic base layers were needed, 
they were treated with Granger's as above; hydrophilic base layers had a further layer of Ti sputter 
as above and then ozone treated as above to form an oxide layer. To form the second layer, loose 
beads were placed on top of the base layer and agitated to try to form a single layer of particles. The 
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third layer was then formed by placing loose beads on top again and agitated in order to try and 
form a single layer of beads. Care was taken to prevent the loose layers from mixing to try to form 
as close to a mono layer of beads and possible, see figure 3.
Figure 3. Image showing an example of a bead pack prior to drop impact experiment. Beads have been formed into 
layers of different colour, to investigate which layers the droplet is interacting with.
For the experimental work the bead packs were created with layers in different configurations of 
hydrophobic and hydrophilic, Figure 4. The configurations ranged from a completely hydrophobic 
bead pack to a completely hydrophilic one with other configurations alternating hydrophobic and 
hydrophilic layers. For each bead pack, different coloured beads were used for the hydrophobic and 
hydrophilic layers in order to tell the layers apart during the drop impact measurements, to 
determine which layer the droplet is interacting with. The colours used in the diagrams in figure 4, 
and subsequent figures, denote the wettability of the bead and are not indicative of the physical 
colour of the bead.
Figure 4. Idealised representations of the bead pack configurations, showing wettability of the layers of glass beads used 
in this study.  Blue denotes hydrophilic beads and red denotes hydrophobic beads.
The drop impacts were recorded at 5000 fps with a high speed camera, a Hotshot 512SC (NAC 
Image Technology, UK). A syringe was suspended at a known height above the bead pack and a 
single droplet of DI with a radius of 1.65±0.02 mm (volume 0.019±0.001 ml) dispensed so that it 
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would fall directly onto the beads. The high speed camera was used to record the impact event and a 
separate digital camera was used to take a still image of the aftermath of the impact. The height of 
the syringe was varied up to 250 mm in steps of approximately 10 mm to change the impact 
velocity of the water droplet. The impact for each bead back configuration was repeated twice for 
each drop height. The video footage was then analysed using ImageJ software 
(http://imagej.nih.gov/ij/).
3. RESULTS AND DISCUSSION
There were five different bead pack configurations used in this investigation, see Figure 4, and 
for each configuration there were five bead sizes tested. This section will discuss the impact 
behaviour, transition velocities and liquid marbling for each configuration and for the bead sizes 
used.
Page 7 of 15
Ac
ce
pte
d M
an
us
cri
pt
Figure 5. Comparative still images from video showing 0.93 ms
-1
 droplet impacting bead pack configurations 1-5 for 
180-200 μm beads. Images show liquid marbling of hydrophobic beads, absorption of hydrophilic beads and wetting of 
wholly hydrophilic bead pack. Schematic of bead pack shown at the bottom of the image, indicating which layers are 
hydrophobic (red) or hydrophilic (blue).
Figure 5 shows frame grabs from videos of the drop impacts. The frames depict a droplet falling 
at 0.93 ms-1 immediately prior to impacting the bead pack; followed by impact and spreading of the 
droplet and then bounce or pinning to the surface. All five bead pack configurations are shown for 
comparison.
Figure 6 compares the droplet immediately after the impact has taken place and the droplet has 
reached equilibrium for the five different bead pack configurations with 180-200 μm beads. Images 
are shown for increasing impact velocity, showing how the increase in velocity affects resulting 
droplet.
Figure 6. Images showing the droplet impact zones immediately after impact for bead pack configurations 1-5 and at 
different impact velocities. Schematic of bead pack shown on the right, indicating which layers are hydrophobic (red) or 
hydrophilic (blue).
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Table 1 shows the pinning and fragmentation velocities measured for all five bead packs at all bead 
sizes. The pinning velocity refers to the minimum velocity at which a transition from rebound to 
pinning was observed; and the fragmentation velocity refers to the minimum velocity at which a 
transition from pinning to fragmentation was observed. More detailed discussion is in the following 
sections.
Table 1. Pining and Fragmentation velocities for all bead hydrologies and sizes. Equivalent Weber numbers given in 
brackets. Schematic of bead pack shown at the top, indicating which layers are hydrophobic (red) or hydrophilic (blue). 
Error values relate to measurement errors in the determination of the velocities.
3.1. Configuration 1 (Hydrophobic (base layer)-Hydrophobic-Hydrophobic)
This bead pack consisted of purely hydrophobic particles. In the case of a hydrophobic top layer, 
the droplet shows clear liquid marbling behaviour, whereby the hydrophobic particles form a 
coating around the outside of the droplet. Column 1 in Figure 5 shows frames from an impact video 
for an impact velocity of 0.93 ms-1 onto 180-200 μm beads; after impact the droplet shows almost 
complete covering of beads to form a liquid marble. The liquid marble effect can be seen on all 
bead sizes and at all impact velocities; the degree of liquid marbling and which bead pack layer 
contributes to the marble varies with bead size and impact velocity. 
Row 1 in Figure 6 shows the droplet after impact at four different impact velocities. The degree 
to which the beads coat the surface is seen to increase with impact velocity. By observing the colour 
of the beads coating the drop it can be seen that the majority are from the top layer, showing that the 
droplet mainly interacts with the top layer of the pack and not the lower layer.
When measuring the transition velocities there was no clear relationship between the bead size 
and the velocity, Table 1. The 180-200 and 250-300 μm beads transition from bouncing to 
fragmentation with no pinning regime in-between. The 250-300 μm beads also showed the lowest 
fragmentation velocity. The other bead sizes showed similar pinning velocities, but the 
fragmentation velocities varied more. Of interest is that there was no measured pinning velocity for 
the 180-200 and 250-300 μm beads. This would require further investigate to explain, but may be 
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attributable to the narrow gap between the pinning and fragmentation velocities resulting in the 
pinning transition not being observed.
3.2. Configuration 2 (Hydrophobic-Hydrophilic-Hydrophobic)
This bead pack consisted of a hydrophilic layer sandwiched between two hydrophobic layers. 
Column 2 in Figure 5 shows frames from an impact video for an impact velocity of 0.93 ms-1 onto 
180-200 μm beads and row 2 in Figure 6 shows the droplets after impact for 180-200 µm beads. 
Similar to the ‘all hydrophobic’ bead pack, the droplet forms a liquid marble using the hydrophobic 
beads on the top layer of the pack. There appears to be little interaction with the hydrophilic beads 
in the middle layer. By forming a liquid marble with the top layer, a barrier is formed around the 
droplet preventing the water from interacting with the hydrophilic particles.
There appears to some relationship between bead size and pinning velocity, table 1, with and 
overall decrease in pinning velocity as bead size increases. Fragmentation velocity shows great 
variation, with no clear decrease overall.
3.3. Configuration 3 (Hydrophobic-Hydrophobic-Hydrophilic)
Unlike the previous two bead pack configurations, this bead pack had a layer of hydrophilic beads 
forming the top layer. Column 3 in Figure 5 shows frames from an impact video for an impact 
velocity of 0.93 ms-1 onto 180-200 μm beads and row 3 in Figure 6 shows the droplets after impact 
for 180-200 µm beads. This bead pack configuration showed markedly different behaviour as the 
droplet impacts the bead pack. As the droplet interacts with the hydrophilic top layer, the beads are 
absorbed into the droplet. Some of the middle layer hydrophobic beads start to form a liquid marble 
round the outside of the droplet, but this effect is much less significant than with the hydrophobic 
top layer. Once the droplet comes to rest it forms a ball on top of the hydrophobic beads. 
Based solely on this configuration there is no clear relationship between bead size and transition 
velocity, table 1. However, compared to the bead packs with a hydrophobic top layer, the 
fragmentation velocity is higher. The reason for this may be the absorption of the hydrophilic beads 
into the droplet. The presence of the hydrophilic beads may help to hold the droplet together due to 
the attractive forces between the water and the beads. As a result, impact velocities that would 
normally fragment the droplet, fail to do so in this case; this may be due to capillary forces acting to 
hold the droplet together as the liquid infiltrates between the hydrophilic beads.
3.4. Configuration 4 (Hydrophobic-Hydrophilic-Hydrophilic)
This bead pack has both the top and middle layer hydrophilic and the fixed base layer hydrophobic. 
Column 4 in Figure 5 shows frames from an impact video for an impact velocity of 0.93ms-1 onto 
180-200 μm beads and row 4 in Figure 6 shows the droplets after impact for 180-200 µm beads. 
The droplets show similar behaviour to the previous pack configurations, except with no liquid 
marble effect as there are no loose hydrophobic beads present. The droplet absorbs both the top and 
middle layers, due to them both comprising of hydrophilic beads; interacting with both the top and 
middle layers equally. A circular void can be seen where the beads have been removed, exposing 
the base layer below. The size of the circular void increases with impact velocity, due to the droplet 
spreading more upon impact at higher velocities. As the base layer is hydrophobic, once the droplet 
reaches equilibrium, it is not able to spread and so forms a ball on the surface with the hydrophilic 
beads contained within.
The most significant observation of this bead pack is the lack of fragmentation, table 1. Within 
the range of impact velocities tested, the droplet did not transition to fragmentation upon impact. 
The effect seen in the previous bead pack, with just the top layer hydrophilic, appears to be 
enhanced with the middle layer also hydrophilic. The droplet is able to absorb a greater number of 
beads by interacting with both the top and middle layers, the beads then act to hold the droplet 
together and prevent fragmentation. 
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3.5. Configuration 5 (Hydrophilic-Hydrophilic-Hydrophilic)
The final bead pack configuration consisted of a hydrophilic base layer and hydrophilic top and 
middle layers. Column 5 in Figure 5 shows frames from an impact video for an impact velocity of 
0.93ms-1 onto 180-200 μm beads and row 5 in Figure 6 shows the droplets after impact for 180-200 
µm beads.  Due to the absence of hydrophobic beads present in the bead pack, there is no liquid 
marble behaviour or ball-like equilibrium droplet. The droplet spreads upon impact and recedes due 
to surface tension; at lower impact velocities the droplet bounces slightly. Once the droplet has 
come to rest it leaves a small mound of beads at the impact site, while the water wets into the bead 
pack. 
Typically the pinning transition happens at lower velocities compared to the previous bead pack 
configurations, table 1. For all but the 140-160 μm beads, the droplet failed to fragment in the range 
of velocities tested.
3.6. Pinning velocities
Figure 7 compares the pinning velocities for all the bead pack configurations and bead sizes. By 
looking at the data set as a whole, there appears to be a general decrease in pinning velocity as the 
bead size increases. As in each case the impact results in the beads combining with the droplet, 
either through the liquid marble effect or absorption of hydrophilic beads; as the number of beads 
combined with the droplet increases the kinetic energy required to de-pin from the surface would 
increase, with the larger beads providing more mass and therefore causing the droplet to pin at a 
lower impact velocity.
The observed pinning velocities for the BLL and LLL cases on the 180-200 μm are significantly 
lower than all the other trials. While this may be due to imperfect bead packing, further 
investigation is needed to understand why this is the case.
Figure 7. A graph showing the pinning velocities of the bead pack against bead size. Legend describes base layer to top 
layer and whether the layer is hydrophobic (B) or hydrophilic (L). Error in bead size due to difference in sieve sizes, 
velocity error due to measurement errors.
3.7 Fragmentation Velocities
Figure 8 shows that fragmentation velocities for all the bead pack configurations and bead sizes. 
Unlike the pinning velocities, there is no clear trend between the particle size and the fragmentation 
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velocity. This is consistent with the work of Hamlett et al [15] and also work by Reyssat et al
investigating ideal superhydrophobic surfaces [21]. There is some evidence that hydrophilic top 
layers help to prevent droplet fragmentations. Configuration 4 shows no fragmentation at all and 
configuration 5 only shows fragmentation at the smallest bead size.
Figure 8. A graph showing the fragmentation velocities of the bead pack against bead size. Legend describes base layer 
to top layer and whether the layer is hydrophobic (B) or hydrophilic (L). Error in bead size due to difference in sieve 
sizes, velocity error due to measurement errors.
5. CONCLUSIONS
This work investigated the impact behaviour of water droplets on bead packs; consisting of sub-
millimetre sized beads with varying configurations of hydrophobic and hydrophilic beads. This was 
carried out in order to gain a better understanding of the granular systems (e.g. soils or industrial 
materials) of mixed wettability under water drop impacts (e.g. rainfall, irrigation). By colour coding 
the layers of the bead pack it was possible to distinguish which layers the droplets had interacted 
with during the impact event.
In the case of bead packs with a hydrophobic top layer, the droplet would mostly interact with 
only the top layer, figure 9 a). A liquid marble was formed as the beads coated the droplet, forming 
a solid barrier preventing the droplet from interacting with the lower layers. In the case of bead 
packs with hydrophilic middle layers, this prevented the droplet from wetting the middle layer and 
instead the liquid marble sat on top of the hydrophilic beads, figure 9 b). Higher impact velocities 
resulted in a greater degree of liquid marbling, as the droplet would spread out more and gather up 
more of the hydrophobic beads, but also resulted in more interaction with the middle layer of the 
pack.
In the case of a hydrophilic top layer, the droplet was seen to absorb the hydrophilic beads. In a 
wholly hydrophilic bead pack this resulted in the droplet gathering together the beads to form a 
small mound where the impact took place; the droplet would then wet into the bead pack, figure 9 
e). If a loose hydrophobic layer was present then the droplet would start to form a liquid marble. 
The hydrophobic beads would form a coating around the outside of the droplet with the hydrophilic 
beads within the droplet, figure 9 c). With a hydrophobic fixed base layer; the droplet would absorb 
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the hydrophilic beads and then form a ball on top of the base layer, unable to wet the hydrophobic 
beads, figure 9 d). Future work will expand on this with a full mathematical model.
Figure 9. Diagram showing bead behaviour after droplet impact for each bead pack configuration. Schematic of bead 
pack shown at the top, indicating which layers are hydrophobic (red) or hydrophilic (blue).
Measurements of pinning velocities showed a general decrease in velocity as the size of the 
beads within the pack increased. The fragmentations velocities measured showed that the presence 
of hydrophilic beads within the bead pack helped to prevent the droplet from fragmenting upon 
impact; with the droplet failing to fragment in the velocity range investigated for the wholly 
hydrophilic and the hydrophilic top and middle layer bead packs.
In the context of the hydrological behaviour of soils or other granular materials; these results 
suggest that while a hydrophobic particle top layer can increase splash erosion due to liquid 
marbling [15], this effect will not penetrate into the matrix below for any given droplet. 
Hydrophobic particles just below the surface, however, may result multiple layers of the matrix 
eroding simultaneously. These differences in particle-scale behaviour could, for example, lead to 
distinct differences in splash erosion on hillslopes or on ridges in ploughed agricultural land where 
wind erosion processes may lead to a layered arrangement of soil particles with different 
wettabilites. Greater understanding of the interaction of rain droplets with soils will allow for 
targeted intervention to overcome the effects of erosion and reduced water infiltration. This will 
have benefits for forestation and agriculture, by helping to maintain the growth of vegetation.
This study shows a number of interesting effects when the wettability of the bead pack is altered. 
Future work will focus on building a model to explain the observed phenomenon; to relate the bead 
size, wettability and the pinning and fragmentation velocities of the bead packs.
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Pack 
#  1  2  3  4  5  
D
b
 
(μm) 
v
p
 
(ms
-1
) 
v
f
 
(ms
-1
) 
v
p
 
(ms
-1
) 
v
f
 
(ms
-1
) 
v
p
 
(ms
-1
) 
v
f
 
(ms
-1
) 
v
p
 
(ms
-1
) 
v
f
 
(ms
-1
) 
v
p
 
(ms
-1
) 
v
f
 
(ms
-1
) 
140 
- 
160 
0.97±0.1
4 
(4.4) 
1.18±0.1
7 (6.5) 
1.13±0.1
6 (5.9) 
1.35±0.1
9 (8.5) 
1.23±0.1
7(7.0) 
1.39 
±0.2 
(9.0) 
0.83±0.1
2(3.2) - 
1.02±0.1
5(4.8) 
1.38±0.2 
(8.9) 
160 
- 
180 
0.87±0.1
1(3.5) 
1.01±0.1
3(4.7) 
1.01±0.1
3 (4.7) 
1.08±0.1
4 (5.4) 
0.89±0.1
1 (3.7) 
1.33±0.1
8 (8.2) 
1.07±0.1
4 (5.3) - 
1.06±0.1
4 (5.2) - 
180 
- 
200 
- 1.18±0.1
7(6.5) 
1.10±0.1
6 (5.6) 
1.34±0.1
9 (8.3) 
1.55±0.1
0(11.2) 
1.73±0.0
7(13.9) 
0.20±0.0
3(0.2) - 
0.20±0.0
3 (0.2) - 
250 
- 
300 
- 0.98±0.1
3 (4.5) 
0.78±0.1
0 (2.8) 
1.11±0.1
4 (5.7) 
0.89±0.1
1 (3.7) 
1.47±0.2 
(10.0) 
0.85±0.1
1 (3.4) - 
0.98±0.1
3 (4.5) - 
400 0.84±0.1
1(3.3) 
1.23±0.1
6 (7.0) 
0.87±0.1
1 (3.5) 
1.23±0.1
6 (7.0) 
0.73±0.0
9 (2.5) - 
0.50±0.0
6 (1.2) - 
0.75±0.0
9 (2.6) - 
 
